Most known examples of horizontal gene transfer (HGT) between eukaryotes are ancient. These 19 events are identified primarily using phylogenetic methods on coding regions alone. Only rarely are 20 there examples of HGT where non-coding DNA is also reported. The gene encoding the wheat 21 virulence protein ToxA and surrounding 14 kb is one of these rare examples. ToxA has been 22 horizontally transferred between three fungal wheat pathogens (Parastagonospora nodorum, 23
INTRODUCTION

Long-read sequencing reveals a conserved Type II DNA transposon 134
The genomic location of ToxA is best described in P. tritici-repentis, where two long-read assemblies 135 place this gene in the middle of Chromosome 06 (supercontig1.4) (21),(28). Several long-read 136 assemblies have also been generated for ToxA+ P. nodorum isolates SN4 and SN2000, where ToxA is 137 found on Chromosome 08 in both isolates (26) . In addition to these publicly available assemblies we 138 sequenced the ToxA+ isolates P. nodorum SN15 and B. sorokiniana CS10 (original isolate name 139 BRIP10943) with seven PacBio SMRT cells each resulting in approximately 500 thousand reads with 140 an average read size of 10.6kb and 9.4kb, respectively. In addition to the two SMRT assemblies, we 141 re-sequenced an additional four isolates with the Oxford Nanopore MinION. This included two toxa-142 isolates, P. nodorum isolate SN79-1087 and B. sorokiniana isolate CS27 (original isolate name 143 isolates were de novo assembled using long-read data only. Short-read Illumina data was used to 145 'polish' the Nanopore de novo assemblies of CS27 and SN79-1087. A complete list of all isolates used 146 in this study, their assembly method and assembly quality indicators are described in Table 1 . 147
Genome assembly accession numbers and additional information about the isolates are given in 148 Table S1 . B. sorokiniana chromosomes were ordered and named from largest to smallest based on 149 the PacBio assembly of isolate CS10. Our P. nodorum contigs were named based on synteny 150 alignments to the recently published assemblies from Richards et al. (26) . 151 152 Assembly quality was assessed using the Benchmarking Universal Single-Copy Orthologs (BUSCO) 155 tool, which identifies fragmented, duplicated and missing genes from de novo assemblies (29, 30) . 156
The scores reported in Table 1 are the percentage of complete genes found in a set of 1313 BUSCO 157 genes from the Ascomycota odb9 dataset. The number of complete genes is used as a proxy to 158 estimate total genome completeness (29). The assembly completeness scores were much lower for 159 Nanopore-only assemblies in isolates WAI2406 and WAI2411, where no short-read data was available 160 for genome correction. For isolates CS27 and SN79-1087, available short-read data allowed 161 correction of the assemblies, so that the number of complete BUSCO genes found exceeded 90%. 162
Both PacBio assemblies, without short-read data, generated BUSCO scores greater than 98% ( Table  163 1). For both PacBio assemblies, CS10 and SN15 the 6-bp telomeric repeat (TAACCC) was found on 164 the ends of several contigs, summarized in Table 1 . We could not identify telomeric repeats in the 165 Nanopore assemblies for B. sorokiniana isolates. However, for the assembly of P. nodorum isolate 166 SN79-1087 we were able to identify many contigs with telomeric repeats (Table 1) . 167
168
We have previously reported the presence of a >92% identical 12kb region shared between all three 169 species (15). This aligns with the original publication from Friesen et al. 2006 , whereby a conserved 170 11kb element was reported between P. tritici-repentis and P. nodorum. In both P. nodorum SN15 and 171 B. sorokiniana CS10 the chromosome that contains ToxA were assembled completely, with telomeric 172 repeats on both ends. A self-alignment of this region in B. sorokiniana CS10 revealed intact, terminal 173 inverted-repeats (TIRs) separated by 14.3 kb ( Figure 1A ). TIRs are structural features of Type II DNA 174 transposons of the order "TIR", which are required for excision by transposases (31). These TIRs were 175 not identified in previous studies, which we explore further below (15, 18). The aligned TIRs are 74 bp and ~92% identical ( Figure 1B ). We will hereafter refer to ToxA and the accompanying non-coding 177 and coding DNA enclosed within these TIRs as "ToxhAT". This name reflects the historical 178 association of ToxA with the neighboring Type II hAT-like transposase gene (18). 179
180
We annotated the coding regions within ToxhAT in B. sorokiniana isolate CS10 with both long and 181 short read RNA-sequencing data. This annotation plus the self-aligned sequence revealed eight 182 genes, three inverted repeats (IRs) and two additional internal TIRs ( Figure 1C ). Three annotated 183 genes, CS10_08.708, CS10_08.709 and CS10_08.714 contain no known protein domains. Excluding 184 ToxA, the remaining four genes had conserved domains, as identified by NCBI's conserved domain 185 database ( Figure 1C ). One gene contained a major facilitator superfamily (MFS) domain 186 (accession:cl28910), which in yeast was shown to be a proton-coupled transporter of di-and tri-187 peptides (32). The largest CDS within ToxhAT contained two known protein domains, with a Patatin 188 domain at the N-terminus (Accession:cd07216) followed by tetratricopeptide repeats (TPR, 189 pfam13424) at the C-terminus. In fungi, proteins that contain these domains are recognized as 190 members of the NOD-like receptor (NLR) family (33). Only a limited number of these proteins have 191 been functionally studied in fungi, but they are broadly considered to be involved in self-recognition 192 and immunity (33, 34). The fourth gene was flanked by its own set of TIRs and contained a helix-turn-193 helix (HTH) DNA binding domain (Accession:cl04999). This structure indicated that this CDS is likely 194 a nested Type II transposase within ToxhAT ( Figure 1C ). This indicates that ToxhAT is a composite of 195 at least two DNA transposons. Fragments of the eight open reading frames are also found in the 196 other two species, P. nodorum and P. tritici-repentis ( Fig. S1 ), however in these two species the 3' end 197 of ToxhAT is invaded by unique sequences (Fig. S1 ). 198
Individual components of ToxhAT are found in other Pleosporales 243
After careful manual annotation of ToxhAT, we conducted a full de novo repeat prediction and 244 annotation with the REPET pipeline (35, 36). The total proportion of each genome annotated as 245 repeats is shown in Fig. S6 . The non-redundant repeat library generated by REPET included the 246 manually annotated ToxhAT transposon from B. sorokiniana CS10, named DTX-comp_CS10_RS_00, 247 and a second near full-length version from P. nodorum, named DTX-incomp-chim_SN2000-L-B14-248
Map1. These two sequences were used to identify all instances of ToxhAT within each genome listed 249
in Table 1 and P. tritici-repentis 1C-BFP. 195 instances of ToxhAT were annotated in these seven 250 isolates, 183 (~94%) of which we were able to successfully align to the CS10 ToxhAT sequence ( Fig.  251 S7). This alignment showed distinct areas within ToxhAT that were found in high abundance within 252 these genomes, overlapping primarily with CS10_08.708, CS10_08.709, and the Patatin-like gene 253 ( Fig. S7 ). A summary of the total number of identified ToxhAT instances is summarized in Table 2 . The large number of partial ToxhAT annotations in toxa-isolates suggested some regions may be 260 repetitive elements independent of ToxhAT. To investigate this further we performed tBLASTn 261 queries on the NCBInr database and the Dothideomycetes genomes available at JGI MycoCosm. In 262 both searches the hAT transposase, MFS transporter and Patatin-TPR genes had over 500 partial hits 263
with an e-value less than 1e-10 (Figs. S8A and S8B). Within the JGI Dothideomycetes database 264 search, CS10_08.708 had 139 hits, CS10_08.709 had 85 hits, and the Tc1 transposase had 263 hits (e-265 value <1e-10). The small gene CS10_08.714 had the fewest number of hits with only four in total 266 across both databases (excluding known instances of ToxhAT). Hits for the ToxA gene itself were 267 mostly distant homologs (<50% identical), previously described as ToxA-like or ToxA* in various 268
Bipolaris spp. (37). A short summary of the top hits from both database searches are presented in 269 Table 3 . 270
271
The highest-identity hits were in a single Alternaria alternata strain: NBRC 8984 (AB525198.1), for 272 two contiguous open reading frames, CS10_08.708, CS10_08.709. The pairwise identity for these two 273 genes exceeded 90% across and are co-localized in A. alternata NBRC 8984. This strain was also the 274 highest-identity hit in NCBI for the hAT-transposase. A. alternata is a well-known plant pathogen, 275 that has a broad host range and is also a member of the Pleosporales. In the JGI database a fungal 276 isolate collected from leaf litter, Didymella exigua CBS 183.55 v1.0, also had co-localized hits for 277 CS10_08.708, CS10_08.709 with identity greater than 85%, indicating that these two predicted genes 278 may be a single repetitive unit. This species is also classified in the Pleosporales (38). The third 279 species identified with >90% sequence identity for the hAT transposase was Decospora gaudefroyi, 280 again classified in the Pleosporales as a salt-tolerant marine fungus (39). Overall, the large number 281 and breadth of hits across different fungal species confirmed our hypothesis that the individual 282 coding regions of ToxhAT are part of repetitive elements found broadly within the Pleosporales. This 283 indicates a common evolutionary origin of these repetitive coding regions within this fungal Order. 284 The presence/absence polymorphism of ToxA is much larger than the extent of HGT 290
Above we showed the extent of shared DNA varies between different pairwise comparisons of the 291 three species harboring ToxhAT. This does not address the unknown size of the presence/absence 292 polymorphism maintained in these species. To investigate this, the homologous toxa-and ToxA+ 293 chromosomes were aligned (Figure 3 ). For P. tritici-repentis, where no long-read data for a toxa-294 isolate was available, short reads from isolate DW5 were aligned against the assembly of PTR1C-BFP. 295
The large spike in coverage for DW5 within the deleted region corresponds to a 7kb TIR transposon 296 most likely from the Tc1-Mariner superfamily, which is found near ToxhAT (DTX-incomp-chim_Ptr-L-297 B62-Map1_reversed). The chromosomes containing ToxA in the isolates P. nodorum SN15 and B. 298 sorokiniana CS10 both contain telomeric repeats and are complete chromosomes. This shows that in 299 all three species the absence polymorphism spans several thousand kb (Figure 3 ). Using the last 300 known homologous regions from the whole chromosome alignments, the absence alleles in B. 301 sorokiniana CS27, P. nodorum SN79-1087 and P. tritici-repentis DW5 were estimated to span ~239 kb, 302 ~467 kb and ~150 kb, respectively. 303
304
To compare the size of the presence/absence polymorphism of ToxA with two other well 305 characterized necrotrophic effectors we examined the location of SnTox3 and SnTox1 in P. nodorum 306 SN15 (40). These two effectors also exist as a presence/absence polymorphism in this species but 307 have no known history of HGT. In isolate SN15, SnTox3 is the last annotated gene on Chromosome 11 308 and the absence polymorphism is approximately the 7kb tail of this chromosome. This absence 309 encompasses the annotated SN15 genes, SNOG_08981 (Tox3) -SNOG-08984 (Fig. S9A ). The end of 310
Chromosome 11 in the SN79-1087 (which lacks SnTox3) assembly contains telomeric repeats (data not shown), which suggests that the missing 7kb is not due to an incompletely assembled 312 chromosome. The absence allele of SnTox1 is even smaller, spanning ~3kb on SN15's Chromosome 6. 313
At this locus there is a unique insertion of ~1.3 kb which is only present in SN79-1087 ( Fig. S9B ). This 314 data demonstrates that the absence allele of the horizontally transferred ToxA is much larger than 315 absence alleles of other known effectors and highlights potential genome instability after HGT 316 events. 317 318
Evidence of mobility of ToxhAT in Bipolaris sorokiniana 319
The intact TIRs found in B. sorokiniana CS10 suggested that ToxhAT in this species may remain 320 mobile. To investigate this, we re-sequenced two additional ToxA+ isolates of B. sorokiniana 321 (WAI2406 and WAI2411). In both genomes ToxhAT was found in different genomic locations when 322 compared to isolate CS10, where ToxhAT is located near the end of Chromosome 08 ( Figure 4A Mbp. To confirm that this translocation was not a mis-assembly, we aligned the corrected Nanopore 327 reads from Canu to both the CS10 and WAI2406 assemblies ( Figure 4B-C) . These reads aligned with a 328 slope of 1, to Chromosome 01 in isolate WAI2406 with single reads clearly spanning the break-points 329 on both sides of the translocation. These same reads from isolate WAI2406 did not align well to 330 Chromosome 08 in isolate CS10. 331
For isolate WAI2411, ToxhAT assembled to a small contig (~776kb) that has homology to the PacBio 333 assembled CS10's Chromosome 02 and Chromosome 08 (data not shown). While it remains unclear if 334 this small scaffold is a part of Chromosome 02 or Chromosome 08, the flanking DNA on either side of 335
ToxhAT was conserved but shuffled in order ( Figure 4D ). ToxhAT was found to be inverted and in a 336 different position in comparison to Chromosome 08 in CS10. The breakpoints of the inversion were 337 precisely from TIR to TIR of ToxhAT. Again, we aligned the corrected nanopore reads to isolate 338 WAI2411 (self) and isolate CS10. The self-alignment showed reads that clearly crossed the break-339 points of the inversion/transposition ( Figure 4E ), however these same reads did not map 340 contiguously to the CS10 assembly ( Figure 4F ). As a secondary confirmation we used BLASTn to 341 identify all reads that contain ToxA and generated a multiple sequence alignment (Fig. S10 ). Twenty-342 nine single-molecule reads were aligned that spanned ToxhAT and continued into both flanking 343 regions. These flanking regions aligned well to WAI2411's contig 17 confirming the inversion of 344
ToxhAT precisely at the TIRs ( Figure 4E ). We postulated that this inversion could be an active 345 TSDs are created by a transposase when it cuts at its target site, usually a short sequence ranging 370 from two to eleven bases (31). Most transposases make an un-even cut, which after DNA repair, leads 371 to a duplication of the target site on either side of the inserted transposon (31). The absence of TSDs 372 in WAI2411 suggests that the inversion seen in isolate WAI2411 was not facilitated by an active 373 transposition event. An alternative mechanism that could explain the inversion is intra-chromosomal 374 recombination between these structural features (23). In the absence of TSDs we consider this 375 mechanism a strong alternative to explain the movement of ToxhAT in WAI2411. showed that AT-rich regions, usually heavily RIPed transposon islands, on different chromosomes 401 had significantly higher interactions with each other when compared to non-AT rich regions (47). 402
These data suggest that in sexual fungi, where RIP is active, AT-rich islands are associated with each 403 other in 3D space. We postulate that AT-rich regions in B. sorokiniana, like E. festucue, also associate 404 with each other within the nucleus, which provides the physical proximity required for inter-405 chromosomal recombination events. 406
407
The opportunity to examine inter-chromosomal transfer of ToxhAT extends beyond B. sorokiniana. 408
Chromosomal movement of the ToxA gene was also observed in P. tritici-repentis (49). In this study, 409 pulse-field gel electrophoresis followed by southern hybridization was used to show that ToxA was 410 found on chromosomes of different sizes in P. tritici-repentis. Going further, the authors showed that 411 in at least one isolate ToxA was on a different chromosome when compared to the ToxA location in 412 reference isolate 1C-BFP (49). While this study probed for the ToxA gene alone, we consider it likely 413 that ToxhAT or a larger chromosomal segment was translocated, similar to what was observed in B. The analysis of the syntenic relationship between ToxA+ and toxA-chromosomes within each species 421 showed that the absence of ToxhAT is coincident with the absence of large, >100kb, chromosomal 422 segments. The DNA composition of these regions fits well within the definition of "lineage specific" 423 or "accessory" regions described in pathogenic fungi, where virulence genes are found nested within 424 transposon-rich regions of the genome (50-53). This genome structure is hypothesized to facilitate 425 the rapid adaptation of fungal pathogenicity genes, often referred to as the "two-speed" or "two-426 compartment" genome (54, 55). These data further show that the absence polymorphism does not 427 coincide with the exact boundaries of HGT. This is most clearly seen in P. nodorum where fragments 428 of the horizontally transferred DNA are scattered across a 300kb region. However, this entire region, 429 extending well beyond the horizontally transferred (HT) fragments, is missing from the toxA-isolate 430 SN79-1087. This leads to an interesting question about whether the horizontal acquisition of ToxhAT 431 precipitated the expansion of transposons within this region. Our data for SnTox3 and SnTox1 in P. 432 nodorum suggests that this may be the case, whereby the absence alleles span only a few kilobases. 433
Unfortunately, similar comparisons in B. sorokiniana were not possible due to a lack of known 434 effectors and in P. tritici-repentis, where the only other known effector, ToxB, is present in multiple 435 copies in the genome (56). Intra-chromosomal recombination is also a possible mechanism to 436 generate these large absence polymorphisms. In many model organisms, such as Drosophila, yeast 437 and human cell lines, large segmental deletions were facilitated by ectopic recombination between 438 tandemly arrayed repeat sequences (57, 58). This mechanism is particularly interesting in the context 439 of HGT, as these recombination events often result in the formation of circular extra-chromosomal 440 DNA (59, 60). 441
The origins of ToxhAT and mechanism for HGT remain obscure 443
Since the discovery of ToxA in the genome of P. nodorum, the evolutionary origin of this gene has 444 been a topic of debate (18, 21, 61, 62). To date, P. nodorum remains the species with the highest 445 known ToxA sequence diversity. This diversity underpins the prevailing hypothesis that ToxA has had 446 the most time to accumulate mutations and therefore has resided in the genome of this organism ToxhAT was horizontally transferred in two separate events both with and without flanking DNA. 455
456
We propose two opposing models to explain the HGT of ToxhAT between the three species. In the 457 first model we assume a population genetic perspective where the longer the DNA has resided in the 458 genome the more fragmented and dispersed the HT DNA will become. In this model P. nodorum 459 would be the donor of ToxhAT along with the flanking DNA to P. tritici-repentis. This is based on our 460 observation that the flanking DNA outside of ToxhAT is highly fragmented and duplicated in P. ToxA+ isolates from all three species is required to comprehensively test the validity of either of these 477 models. 478 479 While we have presented two models above which describe the history of HT between these species 480 alone, the BLAST searches conducted on the coding regions annotated in B. sorokiniana, indicate 481 that there are other species which may harbor highly identical components of ToxhAT. One standout 482 isolate is the A. alternate strain NBRC8984, which carries two genes that are 90% and 95% identical 483 to CS10_08.708 and CS10_08.709, respectively. Similar to their arrangement in ToxhAT, these two 484 coding sequences also neighbor each other in A. alternata NBRC8984. While neither of these 485 predicted genes have any known functional domains, they are by far the most similar hit to ToxhAT 486 in a species that is not reported to carry ToxA. These high identity hits also included some non-487 pathogenic and marine species also found within the Pleosporales. Collectively, the coding regions 488
within ToxhAT had hundreds of hits across species representing several hundred million years of 489 evolution. However none of these coding regions have been characterized as repetitive or classified 490 in a transposon family. Despite the ancient evolutionary history of transposons, the vast majority of 491 described DNA transposons with TIRs are classified into only ten superfamilies (31, 63). Our detailed 492 characterization of ToxhAT highlights an opportunity to characterize novel transposon superfamilies 493 in non-model fungi. 494 495 Towards a mechanism; flanking non-coding DNA provides clues 496
The tBLASTn results coupled with a detailed structural characterization of ToxhAT, suggests that it is 497 a mosaic of repetitive coding regions. We propose that ToxhAT was transferred horizontally as, or by, 498 a transposon with the fitness advantage of ToxA fixing these HGT events in three wheat-infecting 499 species. Similarly, the horizontally transferred regions in the cheese-making Pencillium spp. were 500 flanked by unusual i non-LTR retrotransposons (11). Horizontal transfer of transposons (HTT) has 501 been widely reported in eukaryotes since the early discovery of P elements in Drosophila (64, 65). The 502 literature on this topic however seems to clearly divide HGT from HTT as two separate phenomenon, 503 the latter being much more common (66-68). Recent reports of the HTT between insects has used 504 non-coding regions flanking horizontally transferred genes to demonstrate that a viral parasite, with 505 a broad insect host range, is the vector for the horizontally transferred DNA (69). This study 506 highlights how insights from non-coding regions can bring these studies closer to a mechanistic 507 understanding of the HGT event (69, 70). Other studies which report HGT, or HT secondary 508 metabolite clusters into and between fungal species often rely on phylogenetic methods on coding 509 regions alone to detect these events (71-74). While these studies focus on the biological significance 510 of the coding regions, clues to a possible mechanism may remain in the surrounding non-coding 511 DNA. One limitation from early genome assemblies, was the inability to correctly assemble highly-512 repetitive regions. Here we demonstrate with two long-read sequencing technologies, it is possible 513 to assemble very large repetitive regions heavily affected by RIP. These assemblies allow us to look 514 at the non-coding regions that may be important for the movement or integration of HT DNA. 515
Further population scale long-read sequencing will enable further refinement of the role that 516 transposons play in facilitating adaptive gene transfer. 517 518
Materials and Methods 519
Fungal culture and DNA extraction 520
Fungal cultures were grown on V8-PDA media at 22°C under a 12hr light/dark cycle (75). Cultures 521 ranging in age from 5-10 days were scraped from the surface of agar plates using a sterile razor blade 522 into water. These harvested cultures were freeze-dried for 48 hours to remove all water. High 523 molecular weight (HMW) DNA was extracted using a C-TAB phenol/chloroform method modified 524 Nanodrop (Thermo Scientific, USA). The total quantity of DNA was measured using the Qubit 528 fluorometer (Life Technologies, USA). 529 1, e-value max 1e-10, max hits=500 (Last Accessed 10 th Nov., 2018) 641 (https://genome.jgi.doe.gov/programs/fungi/index.jsf) (99). 642 643
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Table S1: Genome assembly accession numbers and additional information about the isolates.: 645 https://github.com/megancamilla/Transposon-Mediated-transfer-of-646
ToxA/tree/master/S1_GenomeStats 647 showing each open reading frame (green), inverted repeat (blue) and TIR (light green). 937
